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On a larger scope, improving the hybrid electric vehicles (HEVs) and electric vehicles (EVs) could 
address the public concern on climate changes and environmental issues. While ongoing research at 
the University of Waterloo targets improving HEVs and EVs through studying their various 
components, there was a pressing need to develop setups or tools to assist in the progress of this 
research. Hence, the primary problem at hand was the time-consuming and costly procedure of 
developing individual experimental setups/tools for the proposed experiments.  
The approach taken to solve these interconnected challenges was the design and development of a 
modular test bench capable of running various hardware-in-the-loop (HIL) studies on HEV 
powertrain components. The HIL approach was adopted in order to increase the accuracy of 
computer-generated simulations through the use of physical components in combination with 
software simulations. MATLAB Simulink software was employed to create the models and programs, 
which were then downloaded to dSPACE, a device employed to control the various components of 
the test bench. The scope of this project expanded not only to accommodate specific experimental 
setups,  such as the HWFET drive cycle test, but also to consider modularity requirements that would 
address unforeseen circumstances and experimental needs. Meeting the modularity requirements 
would greatly reduce the cost and time needed for running the experiments.  
As a result of this project, a test bench was developed with four major components: a modular area 
(for attaching various physical components that comprise the proposed experiment’s setup), a control 
panel, a dSPACE, and the electrical energy supply and load. Through running various experiments, 
numerous components of the test bench were characterized. The developed test bench is capable of 
accommodating various experimental setups as well as producing relevant data for further analysis. 
The implications of this project are that the ongoing research on HEVs at the University of Waterloo 
can now employ the test bench to run proposed experiments more effectively in order to obtain more 
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Chapter 1  Introduction 
Recently, public concern has been shifting significantly towards climate change, environmental 
issues, greenhouse gases, and the depletion of global fuel supplies, leading government and industry 
researchers to develop more energy-efficient and environmentally-friendly vehicles. While the 
research is targeted towards improving vehicle efficiency by studying various components, there is a 
clear need to develop tools to assist in the research. However, as developing separate experimental 
tools for various studies is time-consuming and costly, the design and development of a modular test 
bench that is compatible with the requirements of several different studies is highly beneficial for 
ongoing research in this field. Consequently, the ongoing research on hybrid electric vehicles (HEVs) 
at the University of Waterloo, Waterloo, Canada, has prompted this project. Specifically, through a 
comprehensive study of HEVs and the various research approaches taken (e.g., software- and 
hardware-in-the-loop), a modular test bench is designed, fabricated, and tested for hardware-in-the-
loop analysis of HEVs.  
 
Why hybrid electric vehicles 
There are several options in a vehicle to produce the required power. These choices are internal 
combustion engines (ICE) and the electric motors. Conventional vehicles employing the ICE raise 
major concerns. Firstly, the combustion reaction uses fuel and air as the reactants in order to release 
heat and combustion products. While heat is a useful product that is converted to mechanical energy, 
some of the toxic side products such as nitrogen oxides, unburned hydrocarbons and carbon 
monoxides pollute the environment and are harmful for living organisms [1]. Furthermore, internal 
combustion engines are inefficient when operating to supply peak power necessary for acceleration. 
Additionally, the ICE is inefficient during frequent start-stop operations, which are routinely required 
in urban driving [2]. 
In contrast, an electric vehicle utilizes electrical energy supplied by a battery or fuel cell, producing 
kinetic energy to run the vehicle. Some of the advantages of an electric vehicle include its zero 
emission, high start torque, lower heat produced (compared to an ICE engine), and lower noise.  On 
the other hand, some of its disadvantages include high vehicle cost and low range due to the low 
content of the currently used electrical energy storage systems in electrical vehicles.  Many research 
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efforts are now directed towards developing an improved vehicle that overcomes the ICE and electric 
vehicle problems. 
By combining the advantages of both internal combustion engine and an electrical motor, HEV 
systems have become one of the best working solutions. HEVs utilize the advantage of the fuel’s 
highly dense energy storage (which is lacked by electrical energy storage systems), allowing for ease 
of energy storage transport. Furthermore, considering that the ICE is inefficient at low speeds, the 
employment of an electric motor in an HEV overcomes this disadvantage. Also, in urban driving, 
where the vehicle is subject to frequent stops (due, for instance, to red lights), the ICE can be turned 
off and quickly started again in HEVs, preventing the ICE engine from working in idle status. This 
enables HEVs to achieve low emission and lower fuel consumption. 
At cruise speed, an HEV relies more on the ICE, which has better efficiency as well as the capability 
to charge batteries. Moreover, an HEV can capture lost kinetic energy during braking, resulting in 
improved vehicle efficiency. Also, in plug-in hybrid electric vehicles (PHEV), the batteries can be 
recharged using electrical energy from the grid. As a result of the stated benefits, HEVs offer a 
solution that achieves higher fuel efficiency and environmental compatibility. Figure 1-1 illustrates 
the automotive development over the past few years as well as its future trends [3]. 
 
 
Figure 1-1: Automotive development over the past few years and future trends [3]. 
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Towards higher accuracy testing 
Without a doubt, the complexity of an automobile design requires tools that allow an efficient and 
accurate way to analyze the many involving variables and factors. Nowadays, computers play a 
significant role by assisting engineers in the design, testing, and optimization stages of vehicle 
development. While computers allow development of preliminary simulations for various engineering 
tests by using a system commonly referred to as software-in-the-loop (SIL), having physical 
components can help to improve the accuracy of these simulations. To achieve higher accuracy and to 
obtain more realistic results in studies, hardware-in-the-loop (HIL) simulations have been used by 
engineers.  HIL achieves better accuracy in real-time tests by enabling the interactions of actual 
(physical) components of the system and virtual (computer-based) simulations.  
 
Research contribution  
As mentioned previously, research on HEVs is ongoing, primarily in response to public concern 
regarding environment of related issues. The goal of this project is to increase the accuracy of data 
obtained for future HEV studies. In order to do this, a scalable and modular test bench has been 
designed and fabricated that can easily be upgraded in accordance to requirements of the designed 
real-time simulations and tests. The device responsible for controlling different components of the 
test bench is a dSPACE RTI1006.  MATLAB Simulink software is used to create models and 
programs, which are then downloaded to the dSPACE. Furthermore, with Control Desk software, it is 
possible to monitor the program’s variables and to vary them in real-time tests. The scalability and 
modularity of the test bench allow for easy addition and removal of components in accordance with 
the proposed test plans, such as the requirement for different HEV configurations. Moreover, the test 
bench contains almost all the components of  a HEV powertrain, which enables full hardware studies 
with a higher accuracy. The test bench can also be used effectively for other electric and hybrid 
electric vehicle powertrain studies as part of an ongoing automotive research at the University of 




Figure 1-2: Test bench schematic. 
 
The research is presented in five chapters. Chapter 2 presents a literature review of HEVs and an 
overview of HIL test platforms. Chapter 3 provides a comprehensive explanation of the fabricated test 
bench and a brief description of its components and functions. Chapter 4 presents the results of 
various tests that were conducted to find tuned computer models of the components; it also gives the 
results of the HWFET drive cycle energy consumption test. Finally, Chapter 5 concludes the thesis 







Chapter 2 Background 
2.1 Introduction  
For more than a century, both industry and academic researchers have been focusing on developing 
improved technology while aiming for increased fuel efficiency and more environmentally friendly 
vehicles. The first HEV was reported in France in 1899 [4].  It was a parallel hybrid electric vehicle 
with a small air-cooled gasoline engine supported by an electric motor and lead-acid batteries; it also 
boasted a novel electric starter. The first series HEV was introduced in the same year. This vehicle 
had a ¾ hp gasoline engine to run a 1.1 kW electric generator that charged the vehicle’s batteries for a 
higher range. Boosted by these early successes, engineers and scientists have been researching and 
developing alternative solutions for HEV ever since [1]. 
 
2.2 HEV’s Powertrain and Architecture  
The function of a vehicle’s powertrain is to produce the power for the vehicle and to carry the energy 
required to sustain the vehicle’s essential driving range. While a vehicle can have more than one 
powertrain (each driving on various power sources, such as diesel, an electric motor system, or a 
chemical battery), the term “powertrain” is used to refer to the system of power sources and energy 
convertors as a whole.  The HEV is an example of a hybrid vehicle that uses an electrical powertrain 
in combination with one other powertrain [1]. 
There are various types of powertrain configurations in HEVs. Each of these configurations has its 
particular characteristics and method of operation. HEVs often use a combination of no more than 
two powertrains. As stated, one of the two powertrains in an HEV is an electric powertrain, which, as 
implied, employs an electric motor. The second powertrain discussed here is an ICE.  The connection 
between these two powertrains defines the type of HEV architecture. Generally speaking, an HEV 




2.2.1 Concept of HEV drivetrain 
An HEV drivetrain has many possible routes for energy flow. As depicted in Figure 2-1, nine 
combinations of routes for power flow are used to meet the load requirements. The various 
combinations of routes for delivering the required power to the load are listed below [1], [5]: 
Traction: Power delivery to load from: 
1. Only Powertrain 1  
2. Only Powertrain 2  
3. Both Powertrain 1 and 2 at the same time 
Battery Charging: Source of power for Powertrain 2 
4. The load (regenerative braking); 
5. Powertrain 1  
6. Both Powertrain 1 and the load at the same time 
Various power delivery combinations: 
7. Powertrain 1 to load and Powertrain 2 at the same time 
8. Powertrain 1 to Powertrain 2; Powertrain 2 to load 





Figure 2-1: Conceptual illustration of a hybrid electric drivetrain [1]. 
 
In operation mode, a vehicle’s load power randomly fluctuates as a result of variations in speed or 
due to climbing up and down grades. As shown in Figure 2-2, the load power can be decoupled into 
two signals. The first signal shows the average (steady-state) power as a constant in time, while the 
second signal shows the dynamic power corresponding to fluctuations as a function of time. The 
average of the dynamic power signal would be zero. Interestingly, an HEV employs the use of its 
powertrain to supply each of these signals. Specifically, the IC engine, which favors steady-state 





Figure 2-2: Load power is decomposed into steady and dynamic components [1]. 
 
During one driving cycle, the total output energy of the dynamic powertrain would be zero, implying 
that the energy capacity of the power source is not lost at the end of the driving cycle. In effect, the 
dynamic powertrain functions as a power damper. An IC engine or a fuel cell is employed to provide 
the power for the steady-state load. Since, as mentioned, the IC engine favors steady-state operation, 
it allows the operation point to be designed and controlled within an optimal region in order to 
achieve the highest operational efficiency. On the other hand, the electric traction system, consisting 
of the traction motor and the chemical batteries, provides the dynamic load power. This allows the 
vehicle to meet peak power demand and recover braking power [6][1]. 
Various vehicle manufacturers utilize a hybrid configuration consisting of a gasoline or diesel engine 
along with a motor linked to a generator with a battery system. The concept of the hybrid drivetrain 
can be employed by various architectures, such as series HEV, parallel HEV, and the series-parallel 
HEV, as discussed in detail below [7], [8]. In the following, HEV configurations are briefly reviewed. 
 
2.2.2 Series HEV  
In series configuration, there are two electric motor-generators in the vehicle. One of the motor-
generators is driven by the IC engine and operates as a generator to charge the battery. Subsequently, 
the stored electrical energy is delivered to the other motor-generator responsible for driving the 
wheels and propelling the vehicle. This configuration is illustrated in Figure 2-3. As mentioned 
earlier, the problem with electrical energy storage in, for instance, batteries is that they have low 
content potential.  To solve this problem in HEVs, an ICE with a high content energy gas tank is 
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added to an EV drive train. Furthermore, the series HEV configuration allows the vehicle to work in 
the electric mode, giving off zero emissions. 
Series HEVs have many advantages. For example, there is no mechanical connection between the 
ICE and the wheels, so the ICE can work at a speed that is best in terms of fuel efficiency.  This 
advantage has allowed engineers to design a more efficient ICE for a specific speed. Also, in the 
series configuration, where electric motors can work closely to the ideal profile of torque-speed, the 
addition of a CVT or multi-gear transmission to the drive train may not be necessary. Therefore, the 
drive train can be significantly simplified, lowering vehicle cost. An additional advantage is that the 
control strategy of this type of HEV can be simplified more than other configurations due to the ICE 
and the wheels being fully decoupled [1].  
 
 





2.2.3  Parallel HEV 
The parallel configuration is able to offer many advantages due to its ability to switch between two 
power sources, such as the internal combustion engine and the electric motor. This allows the vehicle 
to selectively employ the power sources separately or in combination, according to their optimal/high 
efficiency range. In other words, the choice of configuration for utilizing the engines depends on 
driving conditions. If necessary, both power sources can be utilized simultaneously to attain 
maximum output power and peak performance.  In driving conditions where vehicle speed does not 
vary significantly (i.e., during highway driving), the system can rely solely on the IC engine to drive 
the wheels. This achieves the highest efficiency.  However, when driving in the city (where the IC 
engine would be operating at its lowest efficiency), the electric motor is utilized, resulting in a higher 
overall efficiency [7]. Figure 2-4 shows the system configuration of a parallel hybrid electric vehicle.  
 
 





2.2.4 Series-parallel HEV  
Another configuration is the series-parallel HEV. Figure 2-5 illustrates a typical example of this 
powertrain configuration, which utilizes a planetary gear unit for decoupling engine and wheel 
speeds. The planetary gear unit is shown in Figure 2-6, where the motor-genarator speed is   , 
vehicle speed is    and engine speed is   . Table 2-1 shows the speed-torque relationship between 
three gears of the planetary gear unit. By adjusting the motor-generator speed at a given vehicle 
speed, the engine speed can be adjusted as well.  The series-parallel HEV’s power flow route is 
comprised of the motor-generator, the engine, and the planetary gear unit. Furthermore, at a negative 
(opposite direction versus the torque) motor-generator speed, the electric motor would be operating in the 
generating mode. Here, the engine’s power is divided into two and transferred to the generator and 
the drivetrain. A positive motor speed results in the motor-generator being able to operate in traction 
mode, increasing power to the driven wheels. As a result, through controlling motor-generator speed, 
the engine speed can be adjusted in its optimal region. The traction motor is another source in order to 
add torque to drive wheels. [1], [5], [9], [10].  
 
 






Figure 2-6:  Planetary gear unit used as a speed-coupling device [1]. 
 
 
Table 2-1: Speed and torque relationships while one element is fixed [1]. 
 
2.2.5 Plug-in HEV (PHEV) 
The advancement of hybrid vehicle technology has given birth to the plug-in HEV (PHEV) [11]. Due 
to its externally chargeable high energy density battery pack, a PHEV can run solely on electrical 
power for a longer range compared to regular HEVs [12]-[16].  
Figure 2-7 illustrates the architecture of a plug-in parallel hybrid vehicle. With the aim of enhancing 
the efficiency of HEVs, many companies have been converting conventional HEVs into PHEVs by 
adding a high energy density battery pack or by replacing the HEV’s battery pack in order to extend 
the driving range while relying on electrical power. The new battery pack is required to have the 
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capability of storing sufficient electrical energy from external charging and regenerative braking. 




Figure 2-7: Plug-in hybrid electric vehicle (parallel configuration) [17]. 
 
AC outlet charging requires a few components. First, it must have a battery charger that consists of an 
AC-DC convertor with a power factor correction (PFC). As well, it requires a programmable digital 
controller with a suitable voltage-current profile for the high-energy battery packs. Moreover, to 
transfer energy between the battery and the traction motor system, a bidirectional DC-DC converter 
and charge-discharge profile is also necessary. 
Although PHEVs offer substantial advantages, several issues still need to be addressed. Examples of 
such issues include stability concerns of simultaneously utilizing a large number of high-power 
battery chargers with PFC, cell-balancing of high energy batteries (lithium batteries) for applications 
in automotive, and safety and thermal management [17]. 
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2.3 Hardware-in-the-loop Testing 
While computer models are often used to simulate actual components of a system for real-time 
hardware studies, these simulations are not always a plausible choice for modeling systems or 
subsystems, due to lack of accurate models or uncertainties. To overcome these issues, this technique 
is actual components in line with virtual computer-based simulation models are used. Called 
hardware-in-the-loop (HIL) simulations, that employs actual components to enhance the accuracy of 
test results HIL has been applied to various disciplines. 
The application of HIL systems covers a wide range, including powertrain controllers, unmanned 
underwater vehicles, automotive safety systems and aircraft [18]-[22].  Hence, HIL systems are 
powerful methods for HEV powertrain studies [21], [23]-[27]. The advantage of using HIL is that it 
significantly reduces costs by eliminating the need for building expensive full-sized prototypes for 
test analysis of drivetrain systems. Often, the hardware developed for HIL simulations are scaled-
down versions of actual-sized components that are built to evaluate performance and feasibility rather 
than fully recreating the original system [23]-[28]. Using the HIL in a closed-loop configuration 
would be useful in studying interactions between highly coupled subsystems that exist in HEVs [29]. 
Figure 2-8 and Figure 2-9 illustrate a system developed by the Harbin Institute of Technology. It is 
capable of running tests on various electric motor and engine combinations in parallel with 
simulations on transmissions and high voltage battery components [30]. However, while the test 
bench designed here is flexible, it is too large and not portable.  
Argonne National Laboratory (ANL) developed a modular HIL test bench referred to as a Modular 
Automotive Technology Test (MATT) bench. This system is designed to operate on a chassis 
dynamometer. Although this system is mobile (due to being integrated with automotive suspension 
components), it is not appropriate as a passenger vehicle. As shown in Figure 2-10, MATT is 
designed solely as a test bench that meets higher flexibility and mobility criteria. MATT is illustrated 
in Figure 2-10 in a configuration that explores an engine, transmission and final drive, while a high 
voltage battery and electric traction motor hardware were imitated.  Both of the above-mentioned 










Figure 2-9: Harbin Institute of Technology HIL test bench diagram [30]. 
 




On the other hand, both the ANL HIL and the Harbin Institute of Technology test benches are 
designed to test full-size vehicle components. This is useful, as it removes the complexity of having 
to deal with scaling component factors.  
 
Summary 
In this section, the concept of HEVs was described and various HEV architectures were explained. A 






Chapter 3 Test Bench Design 
In light of the amount of effort directed at EV and HEV research as well as the variations in HEV 
configurations, there is a need for a more complete modular test bench. At the University of 
Waterloo, a project to develop a modular test bench was initiated, with the goal of conducting future 
studies. The aim was to create a single test bench that would be capable of achieving the various 
configurations of components to allow testing numerous EV and HEV architectures. Some examples 
of these tests are mentioned in Chapter 4. The development of this test bench involved engineering 
design of hardware and software components. Figure 3-1illustrates the four main components of the 
test bench, namely the test bench workspace, the electrical energy supply and load, and the control 
panel with the dSPACE on top of it. The test bench is illustrated in Figure 3-2. 
 
 




Figure 3-2: Test Bench. 
 
Figure 3.3 illustrates the test setup control idea. The programming and control of this test setup is 
done in MATLAB Simulink environment. The MATLAB Simulink file is then downloaded onto the 
dSPACE. The dSPACE is a real time interface which has input/output electrical boards in order to 
generate signals to control the control panel unit and also to read the signals from different sensors. 
The control panel is composed of many electrical circuits and is designed and fabricated to control all 
the components such as the power supply, the batteries, and the ICE. Another software that aids the 
User is the Control Desk software. Having developed a Graphical User Interface (GUI) in the Control 
Desk software, the user is provided with the capability to fully control and monitor the desired 
variables. The GUI allows the monitoring of the different sensed values, controlling the different 
components of the test setup, and varying the variables of the MATLAB Simulink file in real time 




Figure 3-3: Control schematic of the test bench. 
 
3.1 dSPACE Controller 
For the overall control of the test bench, a dSPACE controller with an RTI 1006 processor board and 
four added boards are used. Figure 3-4 illustrates the dSPACE controller. The RTI 1006 processor 
board has a 2.4 GHz processor quad-core and an RS232 serial port. The four boards added to this 




Figure 3-4: dSPACE Controller. 
 
The DS2103 is a digital-to-analogue convertor board (DAC) that can convert digital data to analogue 
voltage with a maximum 5mA current supply, a voltage range of -10V to +10V, and a resolution of 
16 bits. This board is used to control the components that require a voltage input. Examples of these 
components include the DC motor driver, the DC load driver, the power supply, and the electrical 
load.  
The DS4004 is a digital output board with a digital output of 5V. This board is used to control all 
on/off components such as the fan, the power supply, the electrical load power, the various solid state 
relays, the contactors, and the emergency brake.   
The DS2002 board is an analogue-to-digital convertor (ADC) with an input voltage of -10 to 10V and 
a maximum resolution of 16 bits. This board is used to read the voltage output of sensors such as 
voltage sensors and the current sensors. 
The DS3001 board is employed to read the encoders’ outputs.  This board can connect to five 
different encoders at the same time and read them in real time.  
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To program the dSPACE, the desired program is coded in MATLAB Simulink (Figure 3-5) and later 
downloaded into the dSPACE processor. Subsequently, using software called Control Desk 4.0 Next 
Generation (Figure 3-6), a real-time (online) monitoring of each variable can be performed. Using 
this software, it is possible to adjust the value of each variable and graph the data for later analysis.  
 
 
Figure 3-5: MATLAB Simulink file for test bench. 
 
 
Figure 3-6: Control Desk software. 
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3.2 Test bench workspace  
In the test bench workspace, the physical (hardware) components of the hybrid electric vehicle 
powertrain can be attached for different purposes. As can be seen in Figure 3-2, the metal table has 
numerous tapped holes. These holes and holders fix the location of a desired component on top of the 
table for the duration of the testing procedure. The flexibility in determining the orientation of the 
component placement and their relationship to one another is a feature designed to meet the 
modularity criterion of the test component. The modularity feature is beneficial for conducting 
numerous studies requiring different arrangements of components. As discussed below, there are nine 
components in this test bench. A major advantage of this table is that its function is not limited to just 
these nine components. It is easy to add new components or use as many of them as required by the 
experimental procedure. In the following the main components of the test bench are discussed and 
their models are derived.  
 
3.2.1 DC motor 
The electric motor is a key component of HEVs and EVs. As stated previously, one of the 
powertrains in an HEV belongs to an electric motor and its electric power source. Generally speaking, 
an HEV’s electric motor has two modes. The first mode is when the motor is a traction motor that 
generates mechanical power. The second mode is when the motor is a generator, making electrical 
power from the mechanical power applied to it. Considering that the two motors’ modes have 
different characteristics, choosing the right motor plays a critical role in HEV performance and fuel 
consumption. It is thus very important to have sufficient knowledge of the motor and its functionality. 
This is where graphs related to power and motor-torque-speed profile are useful. The ideal torque-
speed contour for the traction area shows a constant power for all speeds [32]. A constant power 
profile results in maximum acceleration performance of the vehicle at given power ratings or at 
minimum power ratings at given acceleration performance [33], [34]. Figure 3-7 shows the ideal 




Figure 3-7: Ideal torque-speed profile required that a well-controlled motor can produce [34]. 
 
 There are many different types of motors that could be employed in EVs and HEVs. These are 
generally classified into AC and DC motors. Each of these two classifications has different types. For 
example two important types of DC motors are permanent magnet DC motors and separately-exited 
DC motors. The field of a permanent magnet DC motor is generated by a constant magnet, whose 
only control is on the armature of the motor. In a separately-exited DC motor, the field flux can be 
separately changed via changes in currents passing through the field coil. There is more control on 
this motor, as the current of both the field and armature can be varied. This will allow the user to 
maximize control of the power and the motor’s torque-speed profile. In fact, this is the reason for 
employing the use of a separately-exited DC motor. The DC motor used in this test bench is a 
separately-exited 24V DC motor which generates a 5hp mechanical energy with a nominal speed of 





Figure 3-8: DC motor. 
 
 In Section 4.2, a case study is conducted on this DC motor to delineate its essential profile for both 
motor and generator modes. Further factory-supplied details are available in Appendix B.  
In order to control the DC motor, a Navitas TSX 500 motor driver was used (Section 3.4.1 discusses 
the motor driver further). This motor driver can power the field and armature separately, providing 
enhanced freedom in controlling the torque and speed of the motor in the test bench. For example, 
while the motor is employed to generate power from ICE in the series configuration, the amount of 
power it generates can be kept at maximum or optimal points. This requires changing the field and 
armature’s maximum motor drive currents and choosing the appropriate signals to be sent from the 
dSPACE to the motor driver. In Section 4.4, more information is provided. The motor driver needs an 
analog voltage as an input command assigned as a throttle input signal. Figure 3-9 shows the 
MATLAB Simulink PID controller block with a speed feedback from the encoder, which is attached 
to the motor’s shaft. As well, the Control Desk’s layout shows how to manually or automatically 






Figure 3-9: DC motor PID controller in MATLAB Simulink. 
 
3.2.2 Internal combustion engine (ICE) 
One of the most important powertrain components of all hybrid electric vehicles is the internal 
combustion engine, or ICE. The Honda GX 200 is the ICE that is used in the test bench. It can 
produce a maximum power of 5.5 HP equal to 4.1 KW, at 3600 rpm. Section 4.4 further discusses 
information about the fuel consumption of this motor. GX 200 can produce 12.4 Nm torque at a speed 
of 2500 rpm [35].  
It is important to have control of the ICE. The only degree of freedom is the speed of this motor, and 
speed control is via a throttle on the side of the engine. In order to move the throttle, a servo motor 
has been added. Figure 3-10 shows a picture of the motor and the controllable throttle. The servo 
motor is connected to its power supply and also to the dSPACE in order to control the frequency and 





Figure 3-10: ICE and throttle controller with graduate gas cylinder. 
 
An exhaust is hooked up to a fan to remove the ICE’s fumes and blow them outside. Figure 3-11 
shows a picture of the fan used to vacuum the smoke. The ICE can be turned on in three ways. The 
first way is starting the engine manually. The second way is with a starter motor which draws a 12V 
power from a lead-acid battery and is controlled by the dSPACE, giving it the ability to turn on the 
engine in 3 seconds. The third method to turn on the ICE is with the main DC motor. This method is 
called Integrated Starter-Generator (ISG). Most manufacturers are interested in using ISG, as it starts 
the ICE quickly and quietly. ICEs in HEVs are classified as smaller engines compared to 
conventional vehicle ICEs. With this method, it is possible to cold-crank an HEV ICE. ISGs also have 
the following advantages: (1) low cost; (2) minimal changes in the electrical system; (3) no need to 
change the mechanical design; (4) very easy to implement [17]. In this test bench, to turn on the ICE, 
the DC motor first starts the ICE and then the ICE starts working. Subsequently, the ICE generates 
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Figure 3-11: Exhaust fan. 
 
3.2.3 Road load simulator motor 
To broaden the scope of the test bench for various studies, adding capabilities to simulate various 
road conditions as external effects was considered. Being able to simulate road conditions allows one 
to obtain more realistic results using a test bench. The road conditions fall into one of two categories. 
The first category considers all possible road conditions that assist the movement of the car, such as 
moving downhill. These conditions are resembled as a positive load on the flywheel axle, which 
would be produced by the positive torque generated by the motor. The second category considers all 
negative road conditions that are against the movement of the car, such as moving uphill or tires 
rolling resistance. These resemble a negative load on the flywheel axle, which would be produced by 
the negative torque generated by the motor. 
As shown in Figure 3-12, the motor employed for this apparatus is a three-phase brushless servo 
motor, which operates at 460V with a rated power of 5 horse power. The maximum torque provided 
by this motor can be up to 13 Nm with a rated speed of 3500 rpm [36]. The motor is controlled by an 





Figure 3-12: Road load simulator motor. 
 
3.2.4 Flywheel 
When studying the powertrain components of a vehicle, its mass becomes a crucial component. 
Consequently, the flywheel is introduced as a test bench component that represents a scaled-down 
vehicle mass. Figure 3-13 shows the flywheel employed in the test bench. 
Using the SolidWorks model of this flywheel, the inertia is measured to be 3.994 kg.m
2
.  The 





     
 
(3.1) 
where     inertia is in        and speed ( ) is in rad/s. 





Rated speed: 3500 rpm 
 
Rated power: 5 HP 
 
Voltage: 460 V 
 








    
(3.2) 
 
Where    is the speed of the object and  is the mass. By equating these two equations, it is possible 
to find the desired speed of the flywheel. For example, in the Highway Fuel Economy Test 
(HWFET), which is a standard drive cycle test introduced by the U.S. Environmental Protection 
Agency (EPA) [37], the maximum speed of the car is 96 km/h. For a desired car with a mass of 157 
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In some studies, the flywheel can be considered as an energy source. For example, in heavy hybrid 
vehicles, the flywheel is used for the storage of energy. In order to save the energy, the motor can 
increase the speed of the flywheel so that when energy is needed, the motor is switched to the 
generator mode and the stored kinetic energy in the flywheel is converted to electrical energy, 





Figure 3-13: Flywheel. 
 
3.2.5 Encoders  
In order to measure the speed of the test bench components, three appropriate encoders are used. 
Details about the encoders can be found in Appendix F. As an example, Figure 3-14 displays one of 
the encoders that in placed for the measurement of the DC motor shaft speed.  
 
 
Figure 3-14: Encoder. 
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3.2.6 Friction brake 
Another component of the powertrain is the friction brake, which is employed to reduce the flywheel 
speed as needed. In other words, in experimental tests, the speed of the vehicle, represented by the 
flywheel, would decrease when the friction brake is activated. In order to decrease the flywheel’s 
speed, the motor is switched to generator mode, starting the generation of electrical power. This is 
commonly referred to as regenerative braking. However, sometimes regenerative braking is not 
sufficient to decrease speed to the desired level, so a friction brake is added to the system to help the 
regenerative braking reach the desired speed level using the appropriate braking torque. 
The results of experimental tests using the friction brake can be found in Section 4.3, showing how 
the DC motor and friction brake work together to reach a certain speed.  The friction brake employed 
in the test bench is a 24V DC, as shown in Figure 3-15.  A DC load controller produces a varying 
voltage in a range of 0V to 24V, that in supplied to the friction brake. The voltage is proportional to 
the torque provided. In order to obtain the relationship between these two parameters (voltage and 
torque) of the friction brake, a computer model has been developed.  
 
 




3.2.7 Emergency brake 
For safety purposes, there is a need to quickly bring the flywheel to a full stop in case of emergency. 
To achieve this, an emergency brake is put in place behind the flywheel. This brake requires a 24V 
DC voltage, which generates a negative torque of up to 200 Nm, sufficient for stopping the system in 
less than 4 seconds. Figure 3-16 shows the emergency brake connected to the flywheel. 
 
 
Figure 3-16: Emergency brake. 
 
3.2.8 Clutch 
In some HEV configurations, a clutch is needed to connect the ICE to the drivetrain and disconnect it. 
Similarly, in this test bench the clutch is employed to provide the ability to add or remove the ICE 
component from the powertrain. The clutch is controlled by a 24V solid state relay located in the 





Figure 3-17: Clutch. 
 
3.2.9 Continuously Variable Transmission (CVT) 
The CVT is an intermediate component between the motor and the flywheel, allowing one to control 
the ratio of the input speed (applied by the motor) to the output speed (applied to the flywheel). The 
CVT was designed and fabricated in order to fulfill the special requirements and needs of the test 
bench. The CVT’s input-to-output ratio varies between 0.24 and 0.97, and is controlled by a linear 
actuator. The linear actuator is a 48V stepper motor that is controlled by a stepper motor controller 
located in the control panel.  The stepper motor was purchased from Haydon Switch & Instrument 
Inc. and the driver was purchased from Oregon Micro Systems Inc. Figure 3-18 displays the CVT and 





Figure 3-18: CVT. 
 
3.2.10 Gearbox  
In order to overcome the dimensional limitations of the test bench, it was necessary to allow a greater 
variability in the orientation of component placement. The gearbox selected for this purpose allows 
for better use of the space on the test bench by making 90-degree changes in axel direction possible 
with a gear ratio of one.  Additionally, the straight point of attachment is developed for fulfilling the 
modularity requirements, accommodating the attachment for encoders or other components. Figure 
3-19 shows the gearbox used in the test bench. 
 
 
Figure 3-19: Gearbox. 
 
 36 
3.3 Electrical Energy Supply and Load 
The electrical energy source is composed of a power supply, a power load simulator and lead-acid 
batteries that not only supply power but can also be used for power-load-related experiments. The 
power supply and batteries are used to supply energy to the DC motor. In the generator (regenerative) 
mode, the motor’s produced energy can be stored in the batteries or used by the power load. The 
electrical wiring of the three components is shown in Figure 3-20. To fulfill modularity requirements, 
the electrical bus has been designed and fabricated to allow the attachment of other sources, such as a 
lithium ion battery.  
 
 
Figure 3-20: Electrical energy supply and load. 
 
The power supply and power load are fully controllable by the dSPACE controller.  As a result, this 
system allows various types of hardware-in-the-loop simulations to be performed. Figure 3-21 shows 
an example of an HIL simulation, where the battery is the component under study and the power 
supply and the power load are controlled based on the vehicle model. Tests are carried out in Chapter 
4 showing how different degrees of control are possible with these three components used as a full 
electrical energy pack. The ability to control and program the combination of these components 
together makes it possible to integrate various types of energy packs. For example, to use a different 
type of battery, the user simply needs to know how that battery works and what the characteristics of 
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that battery are. Then, by applying a different variable, the energy pack can be controlled to act as the 
desired battery with appropriate internal resistance or current response time.  
 
 
Figure 3-21: HIL example. 
 
3.3.1 Power supply  
The digital controllable DC power supply is a Xanrex XDS 30-200 model that is controlled by the 
dSPACE 2103 board.  The power supply can produce up to 200 A with a voltage range of 0V to 30V 
DC. The dSPACE board used to control the power supply is a Digital to Analog Converter (DAC) 





Figure 3-22: Power supply. 
 
3.3.2 Electrical Load 
The controllable digital electrical load is a WCL 232 50-1200-12000 model with an upper limit of 
12000 Watts. The electrical load is used for various purposes acting as a constant current, constant 
voltage or constant resistor load on the electrical bus. This electrical load is another component that is 
controlled by the DS2103 board and is an integral component used in HIL simulations. Figure 3-23 
shows the front view of the electrical load. 
 
 
Figure 3-23: Electrical load. 
  
3.3.3 Lead-acid battery 
Two lead-acid batteries are placed in series, producing the 24V DC power necessary for the electrical 
bus. The type of battery used is the deep cycle lead-acid battery that maximizes the percentage use of 
the stored charge. The cranking current of this battery is 1000 A. A comprehensive study involving 
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computer modeling is performed on the lead-acid batter to find its internal resistor and state of charge 




Figure 3-24: Lead-acid batteries. 
 
3.3.4 Lithium ion battery  
The test bench also has a lithium ion battery. This battery has a Battery Management System (BMS) 
with related software that monitors the SOC and the current flow controller variables. The BMS 
connects to the computer with a National Instrument USB interface adaptor, as shown in Figure 3-25.  
Figure 3-26 presents the bqWizard software used for monitoring the voltage, the current, and the SOC 





Figure 3-25: Lithium ion battery. 
 




3.4 Control Panel 
As stated previously, components for controlling the test bench work with different voltage and 
current values. Consequently, a control panel should be the intermediate between dSPACE and 
components. Power supplies for different components are also needed that have been placed in the 
control panel. For this particular test bench, a control panel was designed and fabricated. The 
appropriate drawing can be viewed in Appendix A. The control panel requires three input voltages of 
110V single-phase, 208V three-phase, 460V three-phase, and currents of 20A, 20A, and 13A, 
respectively. The control panel has numerous components, such as relays, motor drivers, contactors, 
sensors. Figure 3-27 shows four views of the control panel. The control panel’s components are 
sorted into high voltage and low voltage and are placed on opposite sides of the control panel (high 
voltage components are on the far left, and low voltage components are on the far right, as shown in 
Figure 3-27).  
 
Figure 3-27: Control panel. 
 
 42 
3.4.1 DC Motor Driver 
As the DC motor of the test bench is a critical component of the powertrain, it is crucial to have full 
control over it. To achieve this, Navitas TSX 500, a DC Motor Driver that can drive a separately-
exited DC motor with a maximum armature current of 500A and a field current of 50A, is employed.  
The TSX 500 obtains its commands from DS2103 board to control the DC motor. With the software-
called PCProbitII-148, it is possible to manage the peak current value for the field and armature. 
Furthermore, the software relates parameters such as the field armature voltage and the current for 
traction and regenerative modes. Figure 3-28 shows the DC motor driver, Figure 3-29, shows two 
snapshots of its software that have been used to change the driver’s principle variables. 
 
 









3.4.2 Stepper motor driver 
As mentioned in Section 3.2.9 (CVT), a stepper motor, which is a type of linear actuator, has been 
employed to change the ratio of the CVT. As shown in Figure 3-30, a MH10 Microstep Drive has 
been used to drive the stepper motor. The command used for controlling the driver adjusts the speed 
and step parameters using a DS4004 board.  
 
 
Figure 3-30: Stepper motor driver. 
 
3.4.3 DC load driver 
The DC load driver is an intermediate component between the DS2103 board and the friction brake. 
This component acts as a voltage controller in order to control the voltage-torque profile of the brake.  
 
3.4.4 460 Volt motor driver 
The driver used here to drive the road simulator load motor is the MX1600, as shown in Figure 3-31. 
This driver works with 460V AC three-phase motor. The required voltage is produced by a 






Figure 3-31: MX 1600 driver and 460V 3 phase transformer.  
 
3.4.5 Current sensor 
In order to measure and perform real-time monitoring of a battery’s current as well as the power 
supply and load, two transducer current sensors have been employed. As shown in Figure ‎3 32, each 
of the transducer current sensors’ voltage output is related to the current flowing in the orange wire 
passing through the sensor’s orifice. According to the manufacturer, the relationship between the 
voltage output of this sensor and the value of the current can be determined using: 
 
                 (3.5) 
 
The sensor has a +/- 1% accuracy [38]. To obtain better accuracy, the relationship of each sensor has 




Figure 3-32: Current sensors. 
 
3.4.6 Voltage sensor 
To calculate the amount of power used or produced by the DC motor-generator, it is important to 
know the voltage of the electrical bus as well as the battery voltage while performing the tests. For 
this purpose, the voltage in real time needs to be measured. A Phidgets 1135-Precision Voltage 
Sensor has been employed for this reason. The factory-defined relationship between the sensor`s 
voltage output and the voltage measured by this sensor is given by: 
 
V                  (3.6) 
 
The sensor has a +/- 2% accuracy. In order to obtain better accuracy, the relationship of each sensor 




Figure 3-33: Voltage sensors. 
 
3.5 Safety 
The dangers associated with high voltage and high current as well as with moving components 
require considerable safety measures. These include the placement of safety relays, emergency stop 
switches, safety guards and appropriate gauges for wires. To obtain Canadian Standards Association 
(CSA) approval (which was mandated be the University of Waterloo), all electrical components were 
constructed in adherence to CSA guidelines. CSA approval was obtained on January 6
th
, 2012. Figure 













Chapter 4 Experiment Studies and Analysis 
 
After developing and constructing the test bench, a number of tests were conducted in order to define 
some of the key characteristics of the device. These tests focused on the flywheel, the DC motor, the 
brakes, the ICE-generator combination (for series-hybrid studies) and the batteries. As well, the 
Highway Fuel Economy Test (HWFET) was conducted in order to measure the amount of energy that 
a simulated vehicle requires to complete this standard drive test. All of these tests are described in 
detail below. 
 
4.1 Flywheel  
The aim of the flywheel test was to find the flywheel’s damping coefficient in order to develop a 
flywheel model. As mentioned above, the flywheel is the component of the test bench that represents 
the mass of a vehicle, and the flywheel’s rotational speed represents the vehicle’s speed. From 
Newton’s second law, Equation 4.1 can be used to represent the flywheel. Equation can be writhen as: 
 
          
 
(4.1) 
Where   is the torque (N.m),   is the inertia,   is the rotational speed (rad/sec),   is the damping 
coefficient of the flywheel and    is derivative of flywheel’s rotational speed.   is known quantity 
provided by the encoders in the test bench and    can be found from    easily. Furthermore,   is a 
constant equal to 3.99  
    
    
, as represented by the SolidWorks model of the flywheel. The only 
unknown variable is the damping coefficient. 
To find the amount of torque ( ) applied to the flywheel, it is necessary to find the damping 
coefficient. Knowing the damping coefficient enables one to fully develop the model representing the 
flywheel and to calculate the mechanical power used by the motor to speed up the flywheel. It also 
allows one to calculate the amount of friction exerted on the flywheel and its axels. The mechanical 




                    (4.2) 
 
The experimental procedure involves accelerating the flywheel and turning the motor off immediately 
after the flywheel reaches a speed of 2000 rpm (which is equal to 210 rad/sec). Subsequently, with the 
motor turned off, the flywheel is left to decelerate as a result of combined damping of the flywheel, 
the emergency brake and the DC motor (when it is turned off). Figure 4-1 illustrates the flywheel’s 
speed verses time during the deceleration profile.   
 
 
Figure 4-1: Flywheel speed down. 
 
Considering that the motor is turned off here, no external torque is being applied. Hence, the torque 
( ) value is zero, and Equation (4.1) can be rearranged for the combined damping coefficient, as:  
 
    






























Graphing the above equation for a speed range of 0 to 210 rad/sec depicts the profile of the damping 
coefficient shown in Figure 4-2.  In order to simplify the calculations, the combined damping 
coefficient is considered to be a constant equal to the average value of 0.0143 for a speed range of 20 
to 210 rad/sec. The reason for choosing this speed range is that these speed values are the required 
values for most of the tests and drive cycles. 
 
Figure 4-2: Combined damping coefficient vs. speed. 
























4.2 DC motor 
The test conducted on the DC motor was to generate characteristic plots for its two modes of 
operation—the traction and generator modes. The characteristic plots include flywheel speed vs. time, 
torque vs. time, and power vs. time.  As mentioned previously, the DC motor in the test bench plays a 
pivotal role. During drive cycles, when the motor decelerates the flywheel, the generator mode reverts 
to regenerative braking mode. In this mode, the DC motor starts generating electrical energy and 
charging the battery. The amount of electrical energy produced by the DC motor depends on the 
speed of its axel and other parameters such as the field and the armature currents. These values can be 
set in the PC Probit II for TX500 software.  
Figure 4-3 shows the initial values set for the DC Motor Driver. As shown, the values for the 
maximum armature current and the field current for traction modes are 200 and 15, respectively. For 
the regenerative mode, the values for the armature current and brake field are 90 and a constant 15, 
respectively. These parameters are directly related to the power of the motor in both modes. The 





Figure 4-3: DC Motor generator driver’s initial values. 
 
Figure 4-4 shows the flywheel speed vs. time profile for motor traction and regenerative modes.  In 
this test, the motor was connected to the flywheel, after which the speed was increased to 1600rpm 
(169 rad/sec) and then reduced to 0 in the regenerative braking mode. Obtaining the speed profile is 




Figure 4-4: DC Motor traction and regenerative mode, speed vs. time. 
 
Having obtained the speed profile, Equation (4.1) can be used to generate the torque profile of the 
motor pertaining to this test, as shown in Figure 4-5. As previously discussed, all parameters are 
known in this equation and the damping coefficient (C) of the flywheel was obtained by the flywheel 
test. As it is clear in the figure, when the mode switches to regenerative braking, the motor starts 
converting mechanical power to electrical power, resulting in the motor producing a negative torque 
in order to decelerate the flywheel. Figure 0-1 and Figure 0-5 in the Appendix show the battery 
voltage and the current in this test. Figure 4-6 illustrates the test’s electrical and the mechanical 
power. The result is that the DC motor and driver can convert 70% of electrical energy to mechanical 
energy in the traction mode and convert 50% of the mechanical energy to electrical energy in 
regenerative mode in order to charge the batteries. 
 
































Figure 4-5: DC Motor traction and regenerative mode, mechanical torque produced vs. time. 
 
 
Figure 4-6: DC motor traction and regenerative mode electrical and mechanical power vs. time. 
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4.3 Brakes  
To obtain a better understanding of the emergency brake performance, a test was conducted to create 
a profile. Figure 4-7 shows the performance of the emergency brake when it is actively stopping the 
flywheel from a speed of 2000 rpm. The flywheel fully stops in 4.9 seconds. The average torque 
produced by the emergency brake can be calculated using Equation (4.1). The calculated average 
torque is about -170 N.m. 
 
Figure 4-7: Emergency brake performance. 
 
As mentioned above, one of the power train components is a friction brake.  The friction brake of the 
test bench is controllable by an applied voltage. To characterize the friction brake and find its Torque-
Speed-Voltage profile, a test was conducted. This test involved the installation of the friction brake 
between the DC motor and the flywheel. Initially, the motor increased the speed of the flywheel to 
200 rad/sec, after which the motor was turned off and the friction brake activated. Figure 4-8 shows 
the resulting speed reduction from 200 rad/sec to zero when the applied voltage to the friction brake is 
16V. In order to attain a complete torque-speed profile of the voltage controllable friction brake, the 
test was repeated for other applied voltages ranging from 2V to 24V, as shown in Figure 4-9. Figure 
4-10 shows the MATLAB Simulink block of the friction brake. 
 


























Figure 4-8: Influence of 16V friction brake on flywheel speed. 
 
Figure 4-9: Friction brake torque-speed profile for different voltages. 
 
Figure 4-10: Friction brake MATLAB Simulink block. 
































































4.4 Internal Combustion Engine and Generator 
There are two power trains in the series configuration of HEV: the electric motor and the battery, and 
the ICE and the generator. In order to use the test bench for the series HEV studies, the ICE-generator 
powertrain must first be explored. Figure 4-11 shows how the ICE and the generator are connected to 
each other. As mentioned in Section 3.2.2, in order to turn the ICE on, the motor-generator must be in 
traction mode. Here, the motor increases the speed of the ICE up to 2750 rpm, which is the best fuel-
efficient point of the test bench ICE [35]. This speed turns the engine on, and after a second, the 
motor-generator is switched to the generator mode in order to produce power.  Figure A-0-3, shows 
the working speed of the ICE + Generator, while Figure 0-4 and Figure 0-5  in the Appendix show the 
produced electrical voltage and current, respectively. 
 
 
Figure 4-11: ICE + Generator. 
 
The ICE uses 10 ml of 87 octane petrol within 25 seconds, and the generator produces 40.321 kJ of 
electrical energy, storing it in the battery. The fuel consumption per second is equal to 0.4 ml;, with 
the energy generated per second being equal to 1.694 kJ. Figure 4-12 shows the produced electrical 




Figure 4-12: ICE + Generator-produced electrical power. 
 
4.5 Battery  
In this section, the lead-acid battery employed in the test bench is characterized by measuring some of 
its key parameters, such as internal resistance, columbic efficiency (η), charging capacity, discharging 
capacity, and open circuit voltages. These parameters were used to derive a model for the battery 
which could be used for scale-up purposes. 
4.5.1 Measurements 
In order to find the battery capacity, the lead-acid battery was first fully discharged, after which the 
power supply fully charged the battery with a constant voltage. By tracking the current and the time 
elapsed during the test, the battery’s charging capacity can be calculated using:  
 
                                                        (4.4) 
 
Figure 0-6 shows the battery charging profile versus time. 
The charging capacity was calculated to be 86.3 Ahr. Using the same equation for discharging the 
battery, the discharging capacity was calculated to be 70 Ahr. 

























Substituting the total energy used to charge and the total energy discharged from the battery into 
Equation (4.5), the columbic turnaround efficiency is calculated to be 81%.  
 
            
∫        
∫       
     
(4.5) 
 
In order to find the internal resistance of the battery during charging and discharging for all of the 
battery’s states of charge (SOC), the Hybrid Pulse Power Characterization (HPPC) [40] test was 
conducted. The applied current was equal to 2.5 times the discharging capacity (C):  
 
                       (4.6) 
 
The current applied here is equal to 175 amps for the battery. Figure 4-13 shows the results of the 
HPPC test.  As illustrated, the battery discharges for 10 seconds at the applied current, followed by a 
40-second rest period. Subsequently, the battery charges with 75% of the applied current for 10 
seconds. 
   
Figure 4-13: Hybrid pulse power characterization test profile [40]. 
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Figure 4-14 shows the complete sequence of the HPPC test. The first step in this test is the full 
discharging of the battery, followed by an hour rest. The charging cycle is then started, followed by 
another one-hour rest. The second step involves discharging 10% of the battery at a current rate of 
C/1. This corresponds to the battery used for the test bench, where the discharging capacity is 70Ahr 
and the rate of discharging is 70 amps. Thus, to discharge 10% of the battery, discharging is 
continued for 6 minutes. After one hour of rest, the battery is subjected to the HPPC Profile Test with 
high current discharging and charging (as mentioned above). This process is repeated until the battery 
is fully discharged. The data generated by this procedure is required to obtain the battery’s internal 
resistance for charging and discharging at a certain SOC. 
 
 
Figure 4-14: Hybrid Pulse Power Characterization Test (Complete HPPC Sequence) [40]. 
 
Figure 4-15 shows the HPPC discharging and charging profile at 80% SOC. To calculate the internal 
resistance, Equations 4.7 and 4.8 [40] have been used. The change in voltage and current between 
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points 1 and 2 for discharging and points 3 and 4 for charging resistance at a given SOC are required 
for these calculations. 
 
               
                  





            
                  






Figure 4-15: 80% SOC HPPC profile test results. 
 
Using Equations (4.7) and (4.8), the graphs shown in Figure 4-16 and Figure 4-17 are obtained which 





Figure 4-16: Lead-acid battery’s internal resistance to discharging. 
 
 
Figure 4-17: Lead-acid battery’s internal resistance to charging. 
 
In the HPPC testing, the battery’s voltage was recorded during the last minutes of the one-hour rest 
periods. Subsequently, the Open-Circuit Voltage vs. SOC map was generated using the voltage values 





Figure 4-18: Lead-acid battery’s open circuit voltage. 
 
4.5.2 Signal scaling using Buckingham’s Pi Theorem  
To obtain acceptable results, a meaningful scaling is required when simulating a full-sized system 
with a smaller prototype. Dimensional analysis must be used in order to relate phenomena that are 
different in size but behave similarly to each other.  For the batteries in this project, scaling has been 
used at the inputs and outputs of the battery cycler. In order to map two systems that follow the same 
principle with different parameter values, Buckingham’s Pi Theorem can be used. The Pi Theorem 
states: “If an equation in   arguments is dimensionally homogeneous with respect to   fundamental 
units, it can be expressed as a relation between     independent dimensionless arguments” [41].   
Seven parameters are important for analyzing batteries. These parameters are the battery’s state of 
charge (SOC), power ( ), voltage ( ), current ( ), capacity ( ), equivalent series resistance ( ), and 
characteristic time ( ). The output of the system is considered to be the battery’s state of charge, 
which is a dimensionless parameter. Thus, the state of charge of the two systems will be the same as 
long as the other dimensionless groups of the system are the same.  
As the input to the battery cycler, the battery’s power needs to be scaled properly. A dimensional 
analysis’ aim would be to identify the scaling factor for the battery’s power. All of the parameters 
mentioned above can be written as a function of the four fundamental units: mass ( ), time ( ), 
length ( ), and current ( ), as shown in Table 4-1. 
 































  [M][L]2[T]-3[A] 
  [A] 
  [M][L]2[T]-3 
  [T] 
  [M][L]2[T]-3[A]-2 
  [A][T] 
Table 4-1: Important parameter in battery analysis. 
 
It is important to note that the dimensional bundles of         always appear together and thus can 
be considered as a fundamental unit also [T] and [A] are the other fundamental units . This is why 
the Pi Theorem states that a battery can be presented by           dimensionless groups. The rest 
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   capacity   
 
 




Table 4-2: Group of dimensionless parameters in battery analysis. 
 
In this experimental setup, the full battery pack is represented by a few battery cells. Here, the 
characteristic time would be considered as the discharge time, which is related to the battery’s 
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capacity and power. Expecting the test-bench battery (TB) and the vehicle’s battery (VB) to behave 
the same, the following relations must be satisfied: 
 
          (4.9) 
          (4.10) 
          (4.11) 






































Combining Equations (4.12) to (4.14) would lead to the following relation which shows the 
relationship between the powers of the vehicle’s battery and the desired scaled-down battery of the 
test bench.  
 
   
   
 
   
   
 
   




By scaling the power, the SOC of the battery can be scaled as well.  
Now having characterized the various components of the test bench, the next step is to evaluate their 




4.6 HWFET drive cycle 
This section describes the evaluation of the fabricated test bench using a standard drive-cycle. There 
are many standard drive-cycles available which are used worldwide. These tests are directed at 
evaluating the performance of the all the components of the test setup including the flywheel, the 
batteries, ICE, and the DC motor. In this test, the standard highway drive cycle developed by the US 
Environmental Protection Agency (EPA) is used and the results of this drive cycle on the test bench 
are presented. Figure 4-19 shows the HWFET, with the vehicle’s speed in mph. The conversion 
method has been described in Section 3.2.4. By converting the unit to rad/sec and giving it as an input 
to the DC motor, the speed controller tried to track the drive cycle. Figure 4-20 illustrates flywheel 
speed and desired speed.   
 
 
Figure 4-19: Standard EPA HWFET highway cycle [42]. 
 























Figure 4-20: HWFET drive cycle and flywheel. 
 
As the speed increases, the DC motor is in traction mode and uses electrical power. Hence, the 
battery’s electrical power is positive, its voltage decreases, and its current is positive. When the speed 
needs to decrease, the DC motor is switched to regenerative mode and starts generating electrical 
power which is stored in the battery. Consequently, the battery’s voltage increases, and its current and 
electrical power are negative. Figure 4-21, Figure 4-22, and Figure 4-23 show HWFET-battery 
voltage, current, and power, respectively. As it was mentioned before the DC motor PID controller 
generates appropriate signal for DC motor driver in order to follow the drive cycle. The MATLAB 
Simulink snapshots are provided in Appendix G.  
 




























Figure 4-21: HWFET-battery voltage. 
 
 
Figure 4-22: HWFET-battery current. 
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Figure 4-23: HWFET-electrical power. 
 
Figure 4-24 shows the battery’s state of charge during the HWFET drive cycle. The SOC was 
obtained from: 
    
                        
           
 



























Figure 4-24: HWFET-battery SOC. 
 
Note that with a battery capacity of 70Ahr, the battery’s SOC is only dropping from 40% to almost 
33% during the drive cycle. This shows that the amount of electrical energy used in this drive cycle is 
much smaller than the battery capacity. The aim here is to evaluate the ICE + Generator in a HEV 
series configuration. Evaluating the ICE + Generator however, requires a higher change in SOC in 
order to see the full extent of ICE + Generator interactions. In order to achieve a higher change in 
SOC an assumption was made that the battery’s capacity is 4.3Ahr instead of 70Ahr, keeping the 
voltage constant. Under this assumption, the calculated SOC will be less than zero at the end of the 
drive cycle, as shown in Figure 4-25. The series HEV controller in the test bench turns on the ICE + 
Generator when the SOC is below 40%, and turns it off when it is above 60%. Figure 4-26 presents 
the SOC for the assumed battery when the ICE is turned on during the HWFET drive cycle. The total 
time that the ICE is turned on is 300 seconds. During these 300 seconds, 120ml of petrol has been 
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Figure 4-25: HWFET - Assumed battery SOC. 
 
Figure 4-26: HWFET - Assumed battery SOC and ICE + Generator. 





















In this chapter, some tests were conducted in order to characterize the key components of the test 
bench as well as evaluating the test bench using a standard test. First, the flywheel’s damping 
coefficient was found to be 0.0143 in average for a speed range of 20 to 210 rad/sec. This value was 
obtained from the speed-time profile of the flywheel on which no external torque (such as from a DC 
motor or brakes) was applied.  In the next test, the characteristic plots of the traction and regenerative 
modes of the DC motor were generated and the efficiencies of both modes were shown.  As well, the 
torque produced by the emergency brake was obtained when the flywheel went from a speed of 
2000rpm to a full stop. The friction brake’s torque-speed profile was presented for various voltages 
and a computer model was developed. Additionally, for the series HEV, the combination of ICE + 
Generator was tested to show the fuel consumption rate and the electrical power rate generated and 
stored in the battery. 
In the battery section, the standard HPPC profile was applied to investigate the battery’s 
characteristics, such as its internal resistance to discharge and charge. Also, the battery’s open circuit 
voltage was found for different SOCs.  Finally, a signal scaling was done to ascertain the battery’s 
power, and Buckingham’s Pi Theorem was used so that the relationships between the battery’s SOC 
and an HEV battery could be found. At the end of the chapter, the standard HWFET drive cycle was 
used as an input to the system in order to determine the values of a battery’s voltage, current, power, 
and SOC. To involve the role of ICE + Generator, the battery capacity was assumed to be 4.3 Ahr. 










Chapter 5 Conclusions and Future Work 
5.1 Summary and Thesis Contributions 
In this thesis a modular test bench for HIL testing and scaled down testing of HEVs and EVs was 
designed, fabricated and evaluated in one standard drive cycle. The test bench includes all the 
essential components of an HEV’s and EV’s powertrain, allowing various experimental studies to be 
conducted. This test bench is composed of four major components: the test bench workspace, the 
control panel, electrical energy storage, and the controller. The workspace is a table top with a matrix 
of tapped holes, designed to allow flexibility in placement of various components. There are nine 
components available for placement on this test bench: the flywheel, DC motor-generator, ICE, 
emergency brake, friction brake, CVT, road-load simulator motor, clutch, and the gearbox. The 
electrical energy storage is composed of two lead-acid batteries, one lithium ion battery, a power 
supply and an electrical load. The control panel is designed for the purpose of controlling various 
components and containing all of the relevant circuitry/electrical components, such as motor drivers, 
essential contactors, and sensors. The controller is a dSPACE RTI-1006 that is equipped with 
electrical boards such as the ADC, DAC, encoders, and digital output boards. The required programs 
are coded in MATLAB Simulink and then downloaded onto dSPACE. The dSPACE transfers the 
necessary signals to the control panel, which converts the signals to the appropriate voltage and 
current in order to control the components. With the aid of control desk software, it is possible to 
monitor and measure different variables and vary them in real-time simulations during the tests.  
The completion of this project has faced many challenges. This required many safety measures to be 
applied, including the use of appropriate wire gages, safety relays, emergency stop button, etc. 
Another important challenge was the calibration of sensors such as the encoders, and various 
employed voltage and current sensors. Furthermore, there were many parameters that needed to be 
determined for the DC motor driver. These variables included the armature, and field currents. The 
growth rate of the armature and the field currents and voltages also needed to be determined. 
Determining these variables was crucial to ensuring that the motor was capable of handling the 
desired drive cycles. 
Subsequently, a few experimental studies were done on the designed and fabricated test bench. The 
primary aim of these experiments was to characterize some of the test bench components. First, the 
flywheel’s damping coefficient was obtained from the speed-time profile of the flywheel on which no 
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external torque (such as DC motor or any brakes) was being applied. The obtained value was 0.0143 
for a speed range of 20 to 210 rad/sec. Next, the characteristic plots of the traction and regenerative 
modes of the DC motor were generated and the efficiencies of both modes were obtained. As well, 
the torque produced by the emergency brake was measured while the flywheel went from a speed of 
2000 rpm to a full stop. Moreover, the friction brake’s torque-speed profile was presented for 
different voltages and to develop a computer model. 
The combination of ICE + Generator was likewise tested to show the fuel efficiency and the electrical 
power rate that was generated and stored in the battery for the series HEV.  In the battery section, the 
standard HPPC profile was applied to investigate the battery’s characteristics, such as its internal 
resistance to discharge and charge. At the same time, the open circuit voltage of the battery was found 
for different SOCs.  Additionally, a signal scaling was performed to ascertain the battery’s power, 
using Buckingham’s Pi Theorem. This was done in order to find the relationships between the 
battery’s SOC and an HEV battery. Finally, the standard HWFET drive cycle was used as an input to 
the system in order to determine the values of a battery’s voltage, current, power, and SOC. To 
involve the role of ICE + Generator, the battery capacity was assumed to be 4.3 Ahr. Following this, 
the new SOC was shown by the graphs. 
5.2 Future Work 
Having completed the fabrication of the test bench and characterized its major variables, the test 
bench is now ready to conduct various hardware-in-the-loop studies on HEVs.  For future work, it is 
that a planetary gear be added as a power/torque split to the components of the system in order to 
enable further testing for series-parallel configurations. It is also recommended that a torque-meter 
sensor be added, which would enable the full characterization of a DC motor.  Additionally, to 
simulate external conditions more effectively, a road-load simulator motor should be used. 
Furthermore, in order to compare the results of the computer simulations and experiments, Powertrain 
System Analysis Toolkit (PSAT) software could be used. The PSAT is a very useful software 
developed for implementing control strategies and testing control benches or real vehicles [45]. It is 
highly recommended to do further studies for scaling down the HEV and EV powertrain for the 
various components of test bench using the Buckingham’s Pi theorem. Finally, it is recommended 
that the flywheel be used as energy storage for heavy HEV studies, and that effectiveness 
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Appendix G MATLAB Simulink Snapshots 





























Appendix H Control desk layout 

































Appendix I Additional Figures 
 
Figure 0-1: DC Motor Traction and Regenerative Mode Battery Voltage vs. time 
 
























































Figure A-0-3: ICE+ Generator speed 
 
Figure 0-4: ICE + Generator Battery Voltage 
 
Figure 0-5: ICE + Generator Battery Current 































































Figure 0-6: Battery charging Power vs. time 
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